Introduction
Lower-body symptoms of PD include impairment in gait initiation and execution, balance, and postural instability. These symptoms are important because they can severely limit mobility and contribute to falls. Freezing of gait (FOG) is one of the most challenging lower-body symptoms in PD, and is more likely to develop as the disease progresses. 1, 2 Treatments such as levodopa and deep brain stimulation (DBS) do not reliably improve lower-body symptoms in PD. [3] [4] [5] Lower-limb motor processes are of particular interest in PD because they combine motor and cognitive components of movement execution and movement preparation, such as anticipatory postural adjustments. 6 However, the neuronal mechanisms and determinants of lower-limb abnormalities at the cortical level in relation to cognitive control remain largely unknown. Understanding these mechanisms are of particular important to decrease morbidity and mortality from events such as falls, and improve quality-of-life related to restricted mobility. Furthermore, elucidating mechanisms that contribute to lower-body symptoms in PD might help develop new diagnostic and therapeutic approaches.
FOG often occurs during gait initiation, which is the shift from standing to walking. 7, 8 Gait initiation disturbances include delayed release of anticipatory postural adjustments and slowed movement initiation in PD. 9, 10 Previous studies have observed that reduced gait initiation time and lower-body symptoms may be related to physiological alterations in both motor and cognitive systems. [11] [12] [13] A recent study completed in more than one hundred PD patients proposed that gait, rather than cognition, predicts decline in cognitive domains early in PD, 14 suggesting gait might be a clinical biomarker for PD cognitive decline in early stages of the disease.
Several studies have suggested a strong connection between frontal lobe dysfunction and executive dysfunction to FOG. 15, 16 Neuroimaging studies have shown prefrontal recruitment is attenuated in PD patients with FOG, 17, 18 with the medial frontal areas accounting for motor initiation deficits in PD patients. 19 Medial frontal regions such as supplementary motor area, leg motor cortex, and anterior cingulate cortices interact to instantiate motor and cognitive control. [20] [21] [22] Medial frontal scalp EEG can identify neurophysiological signatures of both motor and cognitive control. Beta rhythms between 13-25 Hz are associated with motor control and increase with upper-limb bradykinesia and upper-limb motor impairments in PD. 23, 24 This line of evidence predicts that increased frontal beta activity underlies impaired motor initiation in FOG. Theta rhythms between 4-8 Hz are associated with cognitive control are attenuated in PD. 20, 22, 25, 26 Because PD patients with FOG have greater deficits in executive function and attention compared to PD patients without FOG, 27 we hypothesized that attenuated theta activity might also underlie FOG in PD.
We tested these hypotheses by investigating the relationship of FOG in PD by collecting cortical EEG during a pedaling task. We examined the relationship of these neural signatures with cognitive function and motor symptoms severity of PD. We found attenuated mid-frontal theta activity as well as increased frontal beta activity in PD patients with FOG. These findings provide insight into the neuronal mechanisms of lower-limb symptoms of PD. Because these frontal rhythms engage cortical and subcortical neuronal populations involved in motor and cognitive control and can be targeted by neuromodulation techniques, 20, [28] [29] [30] these data may contribute to novel therapies that improve FOG in PD.
Methods

Subjects and Clinical Assessments
We recruited thirty-nine subjects (13 PD patients with FOG, "PDFOG+"; 13 PD patients without FOG, "PDFOG-", and 13 demographically-matched healthy subjects, "controls"). All protocols were approved by the University of Iowa Office of the Institutional Review Board (IRB).
All and a FGQ item 3 score > 0 were classified as PDFOG+. Table 1 shows the subject's demographic and clinical information in detail.
We performed non-parametric Spearman correlation analyses between motor (FOG and UPDRS III) and cognitive assessment (MOCA) scores of PD patients. We further performed partial correlation to determine the relationship between disease duration and FOG when controlling for MOCA, and between disease duration and MOCA when controlling for FOG.
Lower-limb Motor Task and Analysis
We used a pedaling motor task (Fig. 1A) to study lower-limb movement control for the following reasons: (1) to minimize fall-risks in PD patients with marked gait abnormalities, (2) pedaling generates EEG signals with minimal movement artifact, (3) pedaling can requires bilateral coordination, and (4) pedaling kinematics analysis allow for detailed measures of lowerlimb function. PDFOG+ patients can experience discontinuous changes in speed during continuous pedaling related to FOG. 35, 36 Patients were seated on a chair for the pedaling task (2 blocks of 30 trials). For each trial, a GO cue (green circle) appeared on the stimulus presentation computer and the subject was instructed to complete one rotation. They stopped the pedals in the starting position and waited for the next GO cue (3 seconds inter-trial interval).
We computed the linear speed for each pedaling trial from 3-axis accelerometer signals.
Beginning with the onset of the GO cue, we selected 0-2000 ms as the time window to analyze speed and time to reach maximum acceleration because each participant took more than 2000 ms to complete the one rotation of the pedals (Fig. 1B) . Accelerometer signals (X-, Y-, and Z-axes)
were detrended and low-pass filtered at 5 Hz. Mean speed was computed for each axis signal for each trial. We then computed mean speed of the 3 signals. Finally, we averaged all trials to represent the final mean speed (m/s) of the pedaling task for each subject. Additionally, to compute the time to reach maximum acceleration, we picked the single accelerometer signal (m/s 2 ) in which we observed highest peak (highest amplitude) using the Matlab "findpeaks" function. We averaged the time to reach peak acceleration across all trials to represent the mean time for each subject.
For comparisons of speed and maximum acceleration time between control, PDFOG-, and PDFOG+, we performed one-way analyses-of-variance (ANOVA). We used two-tailed t-tests with an alpha level of 0.05 to compare between two groups. Furthermore, we also performed Spearman correlation analyses between kinematic parameters (pedaling speed and maximum acceleration time) and motor (FOG and UPDRS III) and cognitive assessment (MOCA) scores of PD patients.
EEG Recording and Analysis
Electroencephalogram (EEG) signals were collected during the lower-limb pedaling motor task from a customized 64-channel cap (Easycap.Inc) using high-pass filter of 0.1 Hz with a sampling rate of 500 Hz (Brain Products). Online reference and ground channels were Pz and FPz, respectively. Data were epoched around the GO stimulus onset (−1000 to 3000 ms). Activity at the reference electrode Pz was re-created and data were then re-referenced to an average reference.
FP1, FP2, FT10, TP9, and TP10 channels were removed, as they tend to be influenced by eyeblink / muscle artifact, leaving 59 electrodes for analysis. Of note, we used a specialized cap in which without FT9 to capture cerebellar activity. Bad channels and bad epochs were identified using a conjunction of the FASTER algorithm 37 and pop_rejchan from EEGlab and were subsequently interpolated and rejected respectively. Eye blinks were removed following ICA.
All analyses in the current report are from the mid-frontal Cz vertex electrode. After preprocessing, time-frequency measures were computed by complex Morlet wavelets, 38 also explained in our previous report. 20 For time-frequency computation, each epoch was cut in length (−500 to +2000 ms), frequency bands between 1-50 Hz in logarithmically-spaced bins were selected, and power was normalized by conversion to a decibel (dB) scale. The baseline for each frequency consisted of the average power from −300 to −200 ms prior to the onset of the GO stimuli. This short baseline period is common in the field since a small-time sample reflects the wavelet-weighted influence of longer time and frequency periods. We restricted our analyses to electrode Cz and a-priori time-frequency Region of Interest (tf-ROI). We exported mean power values in the theta-band (3.5-7.5 Hz) and beta-band (12.5-30 Hz) from 0-2000 ms following the GO cue for statistical comparisons. Additionally, we exported theta-and beta-bands power values in 0-400 ms (time of motor initiation) range.
ROIs were preselected for the theta-and beta-bands. To quantify time-frequency analyses, we set the size threshold for chance occurrence of the statistical cluster against 1000 permutations of group labels as the one-dimensional cluster mass at the 95th percentile. We used linear regression to analyze the difference in power for each tf-ROI between control, PDFOG-, and PDFOG+, while controlling for MOCA. We selected the control group to be the reference group, and we first compared both PDFOG+ and PDFOG-to the reference group. Linear regression was done in R 3.5.1, with the package "stats". Pairwise comparisons were evaluated by fitting an additional linear model with only two groups, while covarying for MOCA. All pairwise comparisons were tested with an alpha level of <0.05. Finally, we used Spearman correlation analyses to evaluate the relationships between power values during gait initiation (theta-and betabands; 0-400 ms) and motor and cognitive characteristics (FOG, MOCA and UPDRS III) of PD patients. Table 1 shows the group comparisons for all motor, cognitive, and other clinical characteristics. No differences were found for age between PD and control groups. MOCA scores were significantly different between PD patients and control subjects, with PD patients scoring lower than control subjects (P=0.01). PDFOG+ patients had longer disease duration and significantly higher LED (P=0.01) than PDFOG-patients. Thus, group analyses will control for MOCA and disease duration. PDFOG+ patients had higher UPDRS III, higher FOG, and lower cognitive (MOCA) scores than PDFOG-patients (see Table 1 ).
Results
Patient demographics
Motor and Cognitive Assessment Scores
Previous reports have suggested that FOG can be related to motor and cognitive impairments. 39, 40 Accordingly, in PD patients, we observed a significant positive correlation between FOG and motor function as measured by UPDRS III ( Fig.2A; P=0 .001), and a significant negative correlation between FOG and cognition as measured by MOCA ( Fig. 2B; P=0.02 ). We observed a significant positive correlation between FOG scores and disease duration ( Fig. 2C; P=0.01), even when controlling for MOCA (P=0.03). Of note, there was no significant negative correlation between disease duration and MOCA scores ( Fig. 2C; P=0.08 ). These data suggest that lower-limb movements tend to be worse with longer disease duration, while cognition is not related to duration. 14 
Kinematic Results of Pedaling Task
PD patients are impaired in lower-limb movements as measured by the speed of motor task initiation and execution. Our results showed that all PD patients (both PDFOG-and PDFOG+)
executed the lower-limb pedaling motor task with significantly lower speed compared to control subjects ( Fig. 3A; F (Fig. 3A top; P=0.01) and UPDRS III scores (Fig. 3A middle; P=0.001), but not between pedaling speed and MOCA scores (Fig. 3A bottom; P=0. 3).
Additionally, we also computed each subjects' time to achieve maximum acceleration and found that all PD patients took more time to reach peak acceleration compared to control subjects ( Fig. 3B; F PDFOG-vs. controls, an increase of 14% P=0.04). PDFOG+ also took more time to reach peak acceleration compared to PDFOG-( Fig. 3B ; an increase of 8% P=0.14). Time to reach peak acceleration was only correlated with UPDRS III scores (Fig. 3B middle; P=0.01) but not FOG scores (Fig. 3B top; P=0.1) or MOCA scores (Fig. 3B bottom; P=0.09). These results indicate that PD patients with more severe motor symptoms exhibited greater slowing on the lower-limb motor task.
Pedaling Task-related Power Changes at Frontal Region
We tested the hypothesis that PDFOG+ patients had attenuated mid-frontal theta activity and increased beta activity during lower-limb motor task. In support of this idea, the tf-ROI thetaband showed significantly attenuated power in PDFOG+ patients compared to both controls and PDFOG-at the time of pedaling initiation and during the execution of the pedaling task ( Fig. 4A and B).
Notably, PDFOG+ and PDFOG-patients had different MOCA scores. To control for these differences, we turned to separate linear regression models for theta-and beta-bands power tfROIs, with each tf-ROI as the outcome variable and group (PDFOG+, PDFOG-, and control) and MOCA as explanatory variables. Effects of group will be described with reference to the mean of the control subjects (i.e. dummy coding with reference group being control subjects), covarying for the continuous variables of MOCA.
Regression analyses showed a main effect of group on frontal theta-band power during the We also observed differences between groups in frontal beta-band activity during motor initiation ( Fig. 4A and B) . Analyses of tf-ROIs beta-band showed a main effect of group during the motor initiation epoch, while controlling for differences in MOCA (0-400 ms; Fig. 4C compared to PDFOG-but it was not significant (an increase of -54% P=0.9). We repeated these analyses for the entire 2s time window of pedaling (0-2000ms; Fig. 4D right side) . Surprisingly, we did not observe differences in frontal beta-band power for the entire 2s time window . These results clearly demonstrate that abnormal theta-band power is related to the cognitive mechanism of the motor control system, and beta-band activity is related to the motor aspect of the system. Overall, these results suggest that the attenuated theta-band activity and increase beta-band activity in the frontal lobe could be cortical predictors of lower-limb motor dysfunction in PD patients.
Discussion
We explored the neural basis of FOG in PD patients. We hypothesized that attenuated theta-and enhanced beta-rhythms would underlie FOG in PD. Accordingly, we found evidence of decreased mid-frontal theta activity during motor initiation and pedaling, and evidence of increased beta activity particularly during motor initiation. Linear regression suggested that this impairment was independent of differences in MOCA. These data provide insight into the neural mechanisms of FOG in PD.
Mid-frontal theta-rhythms have been associated with cognitive control, and can be associated with impairments in cognitive control in PD patients. 20, 25 Our past work has suggested that frontal theta-rhythms are not modulated by levodopa. 20 In our study, PDFOG+ patients had impaired cognitive control relative to PDFOG-patients and attenuated frontal theta-rhythms. PD patients may have impaired attention to gait when walking under dual-task conditions; 41 indeed, PD patients had marked gait variability during stable walking and performing a cognitively challenging task. Neuroimaging studies have shown correlations between FOG scores and executive impairments in PD and suggested that FOG could be associated with dysfunction within frontoparietal regions of the cortex which sub-serve cognitive and executive functions. 17, 18, 42 In one human study, prefrontal volume was associated with gait such that smaller prefrontal volume was related with poorer gait performance. 43 Further, intracortical recordings in cats showed the critical role of the frontal region during gait, particularly during very fine stepping movements. 44 These studies imply that there might be a possible impairment in frontal regions controlling movements such that attentional and executive function networks in executing lower-limb motor performance. Currently, targeted cognitive training as a non-pharmacological intervention has been performed in PDFOG+ to reduce the severity of FOG and improve lower-limb movements. 13, 45 It has been shown that reduced theta activity in PD patients correlates with deficits in sequence acquisition and stabilization of newly acquired movement patterns. 46 Moreover, the implication of theta activity in the induction of local synaptic plasticity specifies their mnemonic function 47 and suggests a functional mechanism of these oscillations in motor task execution when cognitive network is required. Therefore, it seems that theta oscillations may contribute to sensorimotor integration needed to execute a task.
48
Increased beta-rhythms are associated with decreased movement in PD patients. 21, 24 Critically, levodopa attenuates beta-rhythms, and PDFOG+ patients had increased beta activity despite increased LED. These data argue that differences in beta-rhythms were not a result of differences in levodopa, although our patients were not tested during levodopa 'OFF' periods due to safety concerns. It has been proposed that the frontal region interacts with the basal ganglia nuclei during lower-limb motor task via beta-band oscillations. 21, 24 Beta-band synchrony within the cortico-basal ganglia circuit promotes tonic activity that is detrimental to lower-limb movement, thus providing further evidence for the role of aberrant frontal beta oscillations in lower-extremity abnormalities. 23 Increased frontal beta oscillations in PDFOG+ during lower-limb initiation may suggest the disconnectivity in the top-down neural circuitry to execute the movement. Overall, present data suggest an involvement of frontal theta and beta oscillations in initiation and execution of lower-extremity movements.
Similar to upper-limb movements, PD patients execute lower-limb movements with lower speed. [49] [50] [51] Previous reports have confirmed that PDFOG+ walk with lower speed compared to PDFOG-or age-matched healthy subjects 24, 52 and take more time to initiate movement. 9, 10, 53 Here, subjects initiated the lower-limb pedaling task after seeing a visual "GO" cue. Interestingly, visual and auditory cues may affect lower-limb movement, such that focusing attention on the visual cue during the task might compensate for a proprioceptive processing deficit in PD. 54, 55 Our results demonstrate that initiation time was higher in PDFOG+, and speed to execute the task was lower, but it is also possible that patients would have shown even more impairment without the visual cue.
Overall, our data suggest an imperative role of motor and cognitive determinants in performing lower-limb movement. 6, 13, 45, 56 Typically, lower-limb abnormalities are diagnosed as an axial motor symptom using FOG scores in advanced PD patients. 34 Table 1 indicates the significant differences in both motor and cognitive aspects between control subjects and PD patients, and between PDFOG+ and PDFOG-. We also found that MOCA scores were different between PDFOG+ and PDFOG-and correlated with FOG scores. MOCA is used to evaluate cognitive function, including many domains such as attention, visuospatial skills, orientation, executive functions, and memory which have effect on advanced PD patients. 33 Our electrophysiological results show that reduced theta activity and amplified beta activity in frontal regions could be oscillatory predictors of lower-limb motor impairment in PD patients.
Combined theta and beta oscillatory predictors may be involved in orchestrating motor adjustments during lower-limb movement in PD patients. Our results also indicate a physiological role of frontal theta oscillations during lower-limb movement in PDFOG+: (1) reduced frontal theta-band was observed at the time of motor task initiation (0-400 ms from GO cue) (2) as well as during the execution of the task (0-2000 ms from GO cue). Frontal beta power in PDFOG+ was increased during lower-limb pedaling, but it was more pronounced during movement initiation.
Time-frequency and correlation results suggest the role of frontal theta in motor and cognitive and motor control systems (see figures 4 and 5), which are required to initiate and execute lower-body movements, 20, 25 though frontal beta activity is mostly associated with motor control system. 21, 22 As proposed by previous reports, frontal regions may play an important role in top-down signaling to guide adjustment of preparatory and execution plans during motor tasks. 57 Limitations of our study include: (1) We did not study patients during walking movements or freezing episodes. Of note, pedaling induces less movement-related artifacts and can be used in closed-loop neuromodulation experiments, and has less inherent fall risks; (2) Cortical dysfunction in PD can be complex as some PD patients may have enhanced frontal function. 58, 59 However, our analyses captured both increased and decreased patterns of frontal oscillatory activity; (3) Reduced brain activity in frontal areas is a basic abnormality in motor performance in PD, 60 but we did not disambiguate upper vs. lower motor movements; (4) we did not study our patients OFF levodopa, although our prior work indicated that midfrontal theta abnormalities in PD do not depend on levodopa, and beta abnormalities depend on movement rather than levodopa, and we had PDFOG+ and PDFOG-perform a similar motor task; and (5) EEG signals are recorded at the scalp and are inherently limited measures of neuronal activity. We are exploring intracranial recordings, brain imaging, and experiments in animal models to further elucidate the cortical basis of theta and beta abnormalities in FOG. Basal ganglia and brain stem networks also play a key role in lower-limb movements such as gait. 23, 24, 61 The results support the premise that synergistic interaction of motor and cognitive control systems contributes to the execution of a lower-limb motor task. The fine initiation and execution of a lower-limb movement rely on high theta and low beta oscillatory activities in the frontal region, respectively. Increased frontal cortical theta activity might be related to stabilization of cognitive control and decreased frontal cortical activity might be related to motor control as indicated by reduced susceptibility to interference to initiate and execute lower-limb movement.
Our findings could link lower-limb dysfunction to a specific motor process, namely a failure to recruit lower-limb motor control processing at key moments. We also suggest that theta and beta oscillations can be used as a feature for closed-loop neuromodulation in the future to improve lower-limb function in PD and movement disorders. segmented from the GO-cue (-500 to 2500 ms) and averaged to plot the mean trace of X-, Y-, and
